In this paper, a new wideband electronically tunable grounded resistor, namely a grounded voltage controlled resistor (GVCR) including only three MOS transistors, is suggested. The proposed GVCR, without requiring any additional bias currents and voltages, has only one control voltage. Linearity analysis for the proposed GVCR is given. A new second-order multifunctional filter using two differential voltage current conveyors is also included as an application example. Some postlayout simulation results with SPICE are included to show the performance, workability, and effectiveness.
Introduction
Grounded voltage controlled resistors (GVCRs), namely electronically tunable grounded resistors, reported in the related literature can be adjusted via control voltage(s) in CMOS technology [1] [2] [3] [4] [5] [6] . The complete circuit of the GVCR in [1] uses five MOS transistors, whereas the proposed one in this study employs only three MOS transistors. The GVCR of [2] consists of nine MOS transistors. Furthermore, it needs a bias voltage that is implemented with additional elements [7] . The GVCR of [3] uses two MOS transistors, both of which operate in the saturation region. Nevertheless, the circuits of [3] [4] [5] have two symmetrical control voltages in opposite signs, which are constructed by extra components. A grounded current-controlled resistor was designed in [6] with three MOS transistors that needs at least one extra MOS transistor to be tuned by a control voltage. The circuits of [8] and [9] use BJTs, which are temperature-dependent. The grounded resistor circuit in [10] consists of a single JFET and a current feedback operational amplifier (CFOA). The grounded tunable resistor given in [11] uses floating-gate MOS transistors. As stated in [12] , some voltage-controlled resistor circuits are given in [13] [14] [15] [16] [17] [18] [19] [20] . These configurations were employed for the nonlinearity cancellation by the same principle where the same active devices (CFOAs) were used. The floating resistor circuits of [21] [22] [23] [24] [25] also include a number of MOS transistors. Apart from this, some tunable circuits that employ active building blocks are given in the literature [26] .
In this paper, a new wideband linear GVCR containing only three MOS transistors, one NMOS transistor in the linear region and two MOS transistors in the saturation region, is proposed. It has a single control voltage * Correspondence: fyucel@akdeniz.edu.tr for electronically tuning its linear resistive values. It does not require any bias currents and voltages, whereas it requires a single matching condition. A tunable second-order multifunctional filter using two differential voltage current conveyors (DVCCs) and only grounded passive elements is given as an application example. Some postlayout simulation results with SPICE are included to confirm the theory.
Grounded voltage controlled resistor
The input-output relationship of an active device can be expressed as
where I in is input current and V in is corresponding input (output) voltage of the active device. Ideally, a GVCR electronically tuned via control voltage(s) is defined by I in = a 1 V in , where a 1 is a function of control voltage(s).
The electrical symbol of the GVCR with one control voltage and its equivalent circuit [27] are respectively given in Figures 1 and 2 . In Figure 2 , R eq is an equivalent resistor and C p is a parasitic capacitor. The impedance in Figure 2 is evaluated as follows.
Here, ω C = 1 / (R eq C p ) is a pole frequency. For proper operation of the GVCR, f << ω C / (2 π) should be chosen. Moreover, R eq is controlled through V C . 
Proposed tunable resistor
The proposed MOS transistor-based wideband linear GVCR circuit is shown in Figure 3 . It includes three MOS transistors: PMOS transistor M 1 provides only DC current. NMOS transistors M 2 and M 3 operate in the linear and saturation regions, respectively. The drain currents I 1 , I 2 , and I 3 in Figure 3 can be respectively found as
where k p1 and k ni (i =2, 3) are transconductance parameters of the PMOS and NMOS transistors, respectively.
V DD and V SS are the positive and negative power supply voltages, respectively. For proper operation of the proposed GVCR, one must choose k n2 = k n3 = k n . Large signal analysis is performed in this paper. Finally, I in is obtained as follows.
If one chooses,
and then Eq. (4) simplifies to
From Eq. (6), the equivalent positive resistance is evaluated as in the following:
where V C is control voltage. The following constraints must be satisfied for proper operation of the proposed GVCR.
It is seen from Eq. (8) that V C must be chosen as positive. Note that due to the body effects of the second MOS transistor, nonlinearity may occur, which can be considerably reduced by connecting the body to V SS . The M 1 and M 3 transistors also suffer from early voltage effects yielding nonlinearity, which is discussed in the next section.
Linearity analysis
Transistors and other semiconductor devices are nonlinear, while resistors and capacitors are linear devices. However, the devices with nonlinear elements can operate linearly if the signal is limited to a low level. Therefore, in Eq. (1), if I in = a 1 V in , the device is linear, or if
the device can be considered as linear. If second-order effects (body and channel length modulation ones) are ignored, the proposed GVCR is also linear like previously published ones [1] [2] [3] [4] [5] [6] . On the other hand, considering the body effect, the threshold voltages of NMOS and PMOS transistors are respectively expressed as
where φ F n and φ F p are Fermi voltages for NMOS and PMOS transistors, respectively. V SBn and V BSp are source to bulk and bulk to source voltages for NMOS and PMOS transistors, respectively. The threshold voltages of M 1 and M 3 of the realized GVCR in Figure 3 (all the bulks are connected to relevant power supply voltages) are
However, if V in > 0, from Figure 3 , V T N 2 can be evaluated as
Similarly, if V in < 0, V T N 2 can be computed as
It is seen from Eq. (13) that V in must be chosen sufficiently small for linearity. In other words,
Considering channel length modulation, I 1 -I 3 can be obtained as
Finally, I in = −I 1 + I 2 + I 3 is obtained as
where
are obtained. It is desired that a 0 , a 2 , and a 3 be small enough. Therefore, λ n and λ p in Eq. (17) can be made as small as possible by choosing channel length of the MOS transistors in Figure 3 as large as possible [28] . Furthermore, a 0 can be approximately set to zero by adjusting the aspect ratio of M 1 .
Simulation results
Postlayout simulations of the proposed GVCR based on level 7, 0.25 µ m TSMC CMOS technology parameters with ± 1.25 V symmetrical DC power supply voltages are accomplished by using the SPICE program. As a result, the aspect ratios of the MOS transistors used in the realization of the proposed GVCR in Figure 3 After fifty runs, a Monte Carlo simulation by changing 5% Gaussian variation of V T P and V T N parameters of all the MOS transistors is achieved as shown in Figure 11 . It is seen from Figure 11 that the circuit is a bit sensitive to variation of threshold voltages. It is seen from simulation results in Figures 4-11 that the proposed GVCR is linear for sufficiently small input currents/voltages. The total harmonic distortion (THD) variations of the proposed GVCR versus applied peak sinusoidal input current at 10 MHz and with respect to frequency are respectively given in Figures 12 and  13 , where V C = 1.25 V is chosen. Additionally, in Figure 13 , a sinusoidal input current with 250 µ A peak is applied. Comparison of the previously published GVCRs and the proposed one are given in Table 1 . 
An application: second-order multifunctional filter
Tunable resistors are used in many circuit applications such as oscillators [32, 33] , filters [29, 34] , and inductor simulators [35] [36] [37] . As an application of the proposed GVCR, a DVCC-based second-order multifunctional filter is given. The electrical symbol of the DVCC with four terminals is depicted in Figure 14 . The internal structure of the DVCC with V B = 0.57 V is given in Figure 15 The DVCC can be expressed with the following matrix equation:
Therefore, output responses of the proposed filter in Figure 16 are found as
The conditions to obtain LP, HP, and BP responses are summarized in Table 2 . 
Here, angular resonance frequency ω o and quality factor Q are evaluated as
LP, HP, and BP gain responses of the proposed filter application in Figure 16 are respectively shown in Figure 17 . The ideal and simulation results are close to each other, whereas the difference between them can be attributed to nonidealities of the MOS transistors. The layout of the proposed GVCR is drawn in Figure 18 .
The layout area is about 1100 µ m 2 .
Conclusion
The proposed wideband linear GVCR employing only three MOS transistors has a single control voltage for electronically tuning its linear resistive values in integrated circuit processes. It is seen from simulation results that the proposed tunable grounded resistor has a linear V-I relationship for suitably chosen applied input currents/voltages. The obtained postlayout simulation results with SPICE verify the claimed theory well, as expected, whereas the discrepancy between ideal and simulation results arises from nonidealities of the MOS transistors. In this study, currents are applied as inputs and voltages are measured as outputs in simulations.
If voltages are applied as inputs and currents are measured as outputs, the same results can be obtained. As an application example, a new second-order multifunctional filter employing two DVCCs and only grounded passive elements is given.
